ABSTRACT. The somatotropic axis is a major regulatory pathway of energy metabolism during postnatal growth in mammals. Genes involved in this pathway influence many economically important traits. The association of selected SNPs in these genes with carcass traits was examined in grazing Brangus steers. These traits included final live weight, ultrasound backfat thickness (UBFT), rib-eye area, kidney fat weight, hot carcass weight, and intramuscular fat percentage (%IMF). Genomic DNA (N = 246) was genotyped for a panel of 15 tag SNPs located in the growth hormone receptor (GHR), insulin-like growth factor I, insulin-like growth factor-binding protein 6, pro-melanin- Genetic markers of carcass traits in grazing Brangus steers concentrating hormone, suppressor of cytokine signaling 2, and signal transducer and activator of transcription 6 (STAT6) genes. Allelic and haplotype frequencies were compared with those of a sample of European breeds (N = 177 steers). Two tag SNPs in the GHR affected %IMF; one of them (ss86273136) was also strongly associated with UBFT (P < 0.003). The frequency of the most favorable GHR haplotype for %IMF was lower in Brangus steers. Moreover, the haplotype carrying two unfavorable alleles was present at a frequency of 31% in this group. Four tag SNPs on STAT6 had a significant effect on UBFT. One of these, SNP ss115492467, was also associated with %IMF. The STAT6 haplotype, including all the alleles favoring UBFT, was the most abundant variant (34%) in the European cattle, while it had a frequency of 14% in the Brangus steers. The four less favorable variants (absent in the European cattle) were found at a frequency of 38% in the Brangus steers. These results support the association of GHR and STAT6 SNP with carcass traits in composite breeds, such as Brangus, under grazing conditions.
INTRODUCTION
The phenotypic variability in relevant traits for beef production between Bos taurus and Bos indicus has been studied for many years (Wheeler et al., 2001; Thomas et al., 2002; Brunelle et al., 2008) . Composite breeds such as Brangus take advantage of this variability, combining the desirable traits for beef production from Angus (B. taurus) with the rusticity and adaptability of Brahman (B. indicus). Brangus has become very popular in the subtropical area of Argentina and in fact is one of the most important beef breeds in the country, together with Angus, Hereford and Braford. Although the Argentine Brangus tends to stabilize in the 3/8 Brahman -5/8 Angus proportion, there is probably a high variability around these theoretical values when single animals are considered. Because there is no direct control of the genetic contribution from the Zebu breed, unfavorable Zebu alleles could be retained for traits not directly involved in the selection objective, beef quality being a good example of this potential situation.
Advances in molecular technologies have significantly facilitated the genetic dissection of variation in complex traits and have made possible the examination of target genes in key metabolic pathways for associations with economically important traits. In this respect, genes involved in the control of the somatotropic axis, such as growth hormone (GH), growth hormone receptor (GHR) or insulin-like growth factor I (IGFI) are primary candidates for their influence in many traits related to growth rate and body composition (Hale et al., 2000; Thomas et al., 2002; Farber et al., 2006) .
Carcass quality is generally measured in terms of carcass yield and content and distribution of fat. This is closely related to the inherent capacity of the animal to regulate energy metabolism and postnatal growth (Zhu et al., 2001; Schenkel et al., 2005) . GH and leptin are two important genes involved in the regulation of these factors. Leptin is the central mediator in a negative feedback loop regulating energy homeostasis and GH binds to its receptor to stimulate body growth (te Pas et al., 2004; Daix et al., 2008) . Numerous association studies involving these genes have been conducted in diverse breeds (Thomas et al., 2007; Garrett et al., 2008; Corva et al., 2009 ). However, reported evidence is limited for grass-fed cattle. This feeding system results in a reduced growth rate compared to feedlot cattle; however, it has been shown to be highly beneficial in terms of the nutritional value of beef, namely on the composition of the lipid fraction (Nuernberg et al., 2005; Alfaia et al., 2009) . A better understanding of the effects of genes regulating growth and adiposity on economically important traits can be of great importance to the beef industry of countries that can efficiently produce grass-fed beef. Therefore, the aim of this study was to evaluate the effect of a panel of selected single nucleotide polymorphism (SNP) from genes of a major growth regulatory pathway, on carcass traits of Brangus produced in a grass-based system.
MATERIAL AND METHODS

Animals
Brangus steers were obtained through a collaborative agreement between the intervening research institutions and the Argentine Brangus Association. A total of 246 Brangus steers were produced in two consecutive cycles, 2004/2005 (N = 60) and 2005/2006 (N = 186) . Steers from nine different farms (10 to 48 steers each), were grass-fed in two different locations of Buenos Aires Province. Steers from both cycles were progressively slaughtered at a private abattoir as they reached an ultrasound backfat thickness (UBFT) of at least 6 mm between the 12th and 13th ribs. There were three slaughter groups in the first year and six slaughter groups in the second year.
Phenotypic information
Final body weight (FW), ultrasound rib-eye area (UREA) and UBFT were recorded before slaughter. Hot carcass weight (HCW) and kidney fat (KF) were recorded at slaughter. A block of steaks (11th to 13th ribs) was removed from the carcass 24 h after slaughter and kept at -20°C. Analytical determinations in meat samples were performed at the Meat Laboratory, College of Agriculture, University of Buenos Aires. Rib-eye area (REA) was measured with the aid of a grid and backfat thickness (BFT) was measured at a point three-fourths of the distance of the length of the rib eye from its bone side. Intramuscular fat (IMF) was extracted according to protocol 920.39 of AOAC (1990) and expressed as g/100 g fresh tissue. The number of records and means for the analyzed traits are summarized in Table 1 .
DNA extraction and genotyping
DNA was extracted using a modified salting out method (Miller et al., 1988) . DNA concentration was determined spectrophotometrically at 260 nm and its quality was evaluated on 0.8% agarose gel electrophoresis.
Brangus and European (B. taurus) steers were genotyped with an SNP panel developed by Rincon et al. (2009) . This SNP panel consisted of two tag SNPs in GHR, two in IGFI, one in insulin-like growth factor binding protein 6 (IGFBP6), two in pro-melanin-concentrating hormone (PMCH), two in suppressor of cytokine signaling 2 (SOCS2), and six in signal transducer and activator of transcription 6 (STAT6). SNP designations (Rincon et al., 2009) SNP with a call rate below 80% were discarded. Missing genotypes were inferred with the fastPHASE software (Scheet and Stephens, 2006 ) with a threshold probability of at least 90%. Allele and genotype frequencies were estimated with the SAS software (SAS/STAT Inst. Inc., version 9.1, 2002, Cary, NC, USA). Departures from HWE (Hardy-Weinberg equilibrium) were tested by the Fischer exact test and association between markers was evaluated using the Allele procedure of SAS. In order to compare allele frequencies between Brangus and European breeds, a sample of steers from the experimental herd of Instituto Nacional de Tecnología Agropecuaria (INTA) were genotyped with the same marker panel that was used for Brangus steers. This sample consisted of 48 Angus, 18 Hereford, 75 Hereford x Angus, and 36 Limousin x (Hereford-Angus) steers. Maximum likelihood estimates of haplotype frequen-cies for GHR and STAT6 genes were generated using an expectation-maximization algorithm. Based on these estimates, the probability of possessing a given haplotype pair was assigned to each individual (Haplotype procedure of SAS/STAT).
Association analysis
The effects of individual SNP were evaluated with the following linear model:
where Y ijkl is the l th observation of a given trait; µ is the general mean; M i is the fixed effect of i th genotype of the individual SNP (i = AA, AB, BB); G(C) j is the fixed effect of j th contemporary group nested within the fattening cycle (j = 1,...,23); C k is the fixed effect of k th fattening cycle (year), and e ijkl is a random error. A contemporary group was defined as a group of animals raised in the same farm and with the same slaughter date. The effect of sire was confounded within the contemporary group. SNPs with a minor allele frequency of 0.10 or less were not included in the analysis. Initially, two-way interactions between markers and other fixed effects in the model were tested but they were not significant. Therefore, they were excluded from the model. To correct for the effect of multiple testing, the false discovery rate criterion (FDR) was applied. FDR can be defined as the proportion of false-positive results of all significant tests (Benjamini and Hochberg, 1995) . This method is regarded as more powerful than the Bonferroni correction. For tightly linked SNP, the Bonferroni correction is too conservative (Balding, 2006) . Therefore, the use of FDR criterion would be more appropriate for this situation. Comparison of least square means was performed with the Tukey test. Additive and dominance effects were estimated through linear contrasts. The additive effect was estimated as half the difference between the two homozygote means and the dominance effect was estimated as the deviation of the heterozygote from the mean of the two homozygotes (Falconer and Mackay, 1996) . In the absence of one of the homozygous genotypes for some of the markers, additive and dominance effects were not estimated. The general linear model procedure of the SAS/STAT software was used to test these hypotheses.
RESULTS
A total of 5712 genotypes were obtained (2461 from European and 3251 from Brangus steers). SOCS2-SNP1 was discarded because its call rate was only 46%. From the other 14 tag SNP, only seven were polymorphic in European steers while 12 SNP were polymorphic in Brangus steers. IGFI-SNP1 and PMCH-SNP1 showed no polymorphisms in any group. Table  2 summarizes the allele frequencies of informative SNP for both genetic groups. There were significant differences (P < 0.05) between the allelic frequencies of European and Brangus steers for all markers except for SOCS2-SNP2, STAT6-SNP3 and STAT6-SNP4. Departures from HWE were found. These deviations were not unexpected due to the strong selection applied in these breeds and their reduced effective population size. IGFI-SNP2 had an allelic frequency of 0.04 and it was discarded from the association analysis. Minor allele frequency of STAT6-SNP5 was below 0.1; however, this SNP was kept in the association analysis because it was polymorphic only in Brangus steers, suggesting a genetic contribution from B. indicus (Brahman) to the composite breed.
Maximum likelihood estimates of haplotype frequencies were obtained for GHR and STAT6 genes from unphased genotypes (Table 3) . Haplotypes inferred with a threshold probability below 90% were discarded. Differences in haplotype frequencies between Brangus and European steers were found for the most abundant haplotypes. Two possible haplotypes were identified for GHR in European steers, and three in Brangus steers. The G-A haplotype of GHR that was absent in European steers, had a frequency of 31% in Brangus steers. Four possible haplotypes were identified for STAT6 in European steers, and eight in Brangus steers. The four haplotypes that were absent in European steers, represented 38% of the total in Brangus steers.
Association analysis
The effects of fattening cycle (year) and contemporary group were significant (P < 0.05) for all recorded traits, with the exception of REA, which was not affected by the cycle, and %IMF, which showed no variation among different contemporary groups. Significant associations between recorded traits and the selected tag SNP are shown in Table 4 . IGFBP6-SNP1, SOCS2-SNP2, STAT6-SNP2, and STAT6-SNP3 showed an effect on carcass traits that became not significant after adjustment for multiple testing. After FDR correction (q-value <0.10), polymorphisms that showed a significant effect on carcass traits were those located in two of the six genes analyzed, GHR and STAT6. Initially, GHR-SNP2 was found to be associated with UBFT (P < 0.0003), BFT (P < 0.062) and %IMF (P < 0.027) as well as UREA (P < 0.058). After FDR correction, this polymorphism was strongly associated only with BFT (P < 0.003). The heterozygous genotype for this SNP presented the highest value for UBFT (Table  5 ). In relation to the IMF content, the two SNP on GHR gene had a significant effect. GHR-SNP1 was associated with %IMF and GHR-SNP2 showed a trend to affect the %IMF (Table  4 ). The A allele in GHR-SNP1 and the G allele in GHR-SNP2 were the favorable ones for IMF content. Animals with the AA genotype for GHR-SNP1 showed 23.75% higher %IMF than those with the GG genotype and animals with the GG genotype for GHR-SNP2 had 27.31% higher %IMF than those with the AA genotype ( Table 5 ). The most abundant genotype for GHR-SNP1 in Brangus steers disadvantaged marbling deposition while the most abundant genotype for the other SNP in GHR favored intramuscular fat accretion. To test the interaction between the two GHR polymorphisms, a linear model similar to the previous one was used, but with the inclusion of both markers simultaneously. Neither the main effect of each SNP 
European steers (N = 170 for GHR and N = 175 for STAT6). Brangus steers (N = 193 for GHR and N = 241 for STAT6).
a
The order of SNP in the haplotype is the same as in Table 2 . or their interaction, were significant for %IMF (data not shown). The AG haplotype in GHR, which was the most abundant in both genetic groups, contained the two favorable alleles for %IMF, but its frequency was 16 points lower in Brangus steers. In addition, the GA haplotype, which carried the two unfavorable alleles for %IMF, was absent in B. taurus steers while it had a frequency of 0.31 in Brangus steers (Table 3) . Four of the six SNP analyzed in STAT6 showed a significant effect on BFT (Table 4) , three of them (STAT6-SNP1, STAT6-SNP5 and STAT6-SNP6) were related to UBFT and one (STAT6-SNP4) was associated with BFT measured post mortem. STAT6-SNP5 was also associated with %IMF. These results suggest that the C allele of STAT6-SNP5 had a positive effect on the development of both marbling and BFT (Table 5 ). The STAT6-SNP6 polymorphism, involving a T/C substitution, was initially associated with overall body composition of Brangus, showing a significant effect on FW, HCW, KF, UBFT, and REA. After adjusting for multiple tests only a significant additive effect on UBFT remained as significant (Table 4) . Previous studies in European feedlot cattle did not report this SNP as significant (Rincon et al., 2009 ). This polymorphism as well as STAT6-SNP5, was not found in European steers. The C allele of STAT6-SNP6, only found in Brangus steers, had a negative effect on UBFT; therefore, animals with genotype CC showed 0.76 mm less backfat thickness than animals with genotype TT (Table 5). The minor genotype frequencies of STAT6-SNP1, STAT6-SNP4 and STAT6-SNP5 were below 0.05, so only two genotype classes were included in the association analysis. The homozygous genotypes, GG in STAT6-SNP4 and CC in STAT6-SNP5, were associated with higher BFT and UBFT, respectively. However, heterozygote animals for STAT6-SNP1 had higher backfat thickness than the homozygous ones (6.58 vs 6.18 mm). Additive and dominance effects could only be tested for three of the six significant markers. An overdominant effect of GHR-SNP2 was detected for backfat thickness. The remaining SNP had additive effects only. IMF = intramuscular fat; UBFT = ultrasound backfat thickness; UREA = ultrasound rib-eye area; BFT = backfat thickeness; REA = rib-eye area; KF = kidney fat; HCW = hot carcass weight. *False discovery rate criterion for multiple test correction. Significant results (q < 0.10) are in bold. Only significant associations are shown. 
DISCUSSION
Mammalian metabolism is regulated by the synchronized action of different hormones, with complex feedback and control mechanisms. A mayor regulatory pathway corresponds to the somatotropic axis that plays a key role in regulation of energy metabolism during postnatal growth.
In this study, a total of 423 animals were genotyped for 15 SNP belonging to six genes related to the somatotropic axis. These polymorphisms were identified to be tag SNP in the discovery panel (Rincon et al., 2009) .
Growth hormone, one of the most important factors in the somatotropic axis, is responsible for the regulation of diverse biological processes such as muscle and mammary gland development and lipid and carbohydrate metabolism (Akers, 2006) . GH exerts its action through its receptor (GHR), which activates GH by binding to it. Many studies have addressed the association of polymorphisms in GH and GHR with carcass merit in several commercial breeds (Hale et al., 2000; Di Stasio et al., 2005; Garret et al., 2008) .
In addition, numerous mutations located within GHR have been associated with variation in quantitative traits in dairy cattle. The missense p.Phe279Tyr mutation is one of the most promising markers to improve protein content and milk yield (Sun et al., 2009 ). Other studies reported the effect of this polymorphism on feed intake, feed conversion, and traits related to energy balance (Banos et al., 2008) . Numerous investigations attempting to correlate GHR allelic variants with quantitative traits reveal the multifunctional nature of the GHR gene, encouraging the study of the effects of this gene on economically important traits in beef cattle.
The marked phenotypic variability between B. taurus and B. indicus includes differences in growth rate. In the present study, markers of the GH pathway showed significant differences in allelic frequencies between European and Brangus steers. Moreover, four SNP on STAT6 and two on GHR showed a significant effect on carcass traits.
The structure of the bovine GHR gene consists of 10 exons and 9 introns. GHR-SNP2 is located on the 5'untraslated region in exon 1 of the GHR gene (Garrett et al., 2008) . The pattern of allele frequencies for GHR-SNP2 supports the statement of Garrett et al. (2008) Means of a given trait and marker with different superscript letters are significantly different (adjusted P value <0.05).
1
Additive effect estimated as a half the difference between the most abundant and the less abundant homozygous genotypes.
2 Dominance effect is estimated as the deviation of the heterozygote from the mean of the two homozygotes. NS = not significant; *P < 0.05; **P < 0.01. For abbreviations, see legend to Table 4 . gesting that the unfavorable A allele comes from the indicine breed. Although the magnitude of the effect of this SNP on UBFT was similar to that reported by Garrett et al. (2008) , here an overdominance effect was also detected, while in the other experiment the effect of the same locus was mostly additive. Overdominance seems to be a common feature of markers of genes involved in the GH axis when crosses of B. taurus with B. indicus are evaluated (Pereira et al., 2005; Thomas et al., 2007) . In relation to intramuscular fat, the distribution of frequencies of GHR markers in Brangus showed that the most abundant genotype for one of these SNP (GHR-SNP1) was not favorable for marbling deposition while the most abundant genotype of the other marker (GHR-SNP2), favored fat accretion (Table 5) . These results differed from those of Garrett et al. (2008) , in which GHR-SNP2 was not associated with %IMF. This discrepancy could be attributed to the feeding system, given that the pattern of IMF accretion differs between grain-and grass-based diets (Alfaia et al., 2009) .
The AG haplotype of the GHR gene contained the two favorable alleles for %IMF. The frequency of this haplotype in Brangus steers was lower than in European breeds (0.38 vs 0.54). Moreover, there were no significant differences between the frequencies of the three possible haplotypes in Brangus steers. These results are consistent with the fact that there has been little selection pressure to increase marbling deposition in commercial Brangus.
Another gene included in this study that showed significant effects on carcass traits was STAT6, which is a member of the STAT family of transcription factors. STAT6 is the principal transcription factor involved in interleukin-4 (IL-4) and IL-13 signaling (Darnell Jr., 1996) . Ghilardi et al. (1996) postulated STAT6 as a possible mediator of leptin effects on weight regulation. Recently, the activation of STAT6 through IL-4 was associated with the onset of adipogenesis (Hua et al., 2004) .
The STAT6 polymorphisms reported in the present study were described previously by Rincon et al. (2009) . STAT6-SNP1, STAT6-SNP2 and STAT6-SNP3 are located in intron 1 of the gene, whereas STAT6-SNP4, STAT6-SNP5 and STAT6-SNP6 are situated in intron 8, exon 10 and intron 20 of STAT6, respectively. It is worth noting that STAT6-SNP1, STAT6-SNP3 and STAT6-SNP4 were identified in a panel of European breeds, whereas the others were segregating in indicine breeds only.
Four of the six polymorphisms in STAT6 were significantly associated with backfat thickness. STAT6-SNP6 was the only polymorphism in STAT6 that showed a weak effect on all traits related to body weight and carcass composition. Most of these effects became not significant after correction for multiple tests, but this could be a consequence of the small sample size. Therefore, the relevance of this SNP as a useful marker cannot be ruled out without further evaluation.
The haplotype of STAT6 that included all the alleles favoring backfat thickness (CCCGCT) represented the most abundant variant (34%) in European steers, while it had a frequency of 14% in Brangus steers. On the contrary, the four least favorable haplotype variants were absent in European steers while they represented 38% of the haplotypes present in Brangus steers.
Given the linkage phase of markers on this gene, 53% of the haplotypes present in Brangus contained only two favorable alleles for UBFT. From these, 29% correspond to haplotypes that originated in Brahman.
According to the trend in allele and haplotype frequencies reported here, the inclusion of Zebu in a composite breed seems to have some deleterious effects on meat quality traits. It would be worth studying if this is just a hitchhiking effect or a correlated response to selection for conformation and growth rate. Current selection in Argentine Brangus is strongly based in phenotypic evaluation and growth expected progeny differences, given that expected progeny differences for REA and UBFT were included in the Sire Summary very recently.
Genomic tools could assist in the design and selection of an optimized composite breed. This is especially important to Argentine Brangus, because the Herdbook of the breed is open, and it is possible to grade up starting from matings of the founder breeds.
The present study evaluated the effect of several genes belonging to a major regulatory pathway of growth on relevant traits of beef production in a typical grazing system. SNP on GHR and STAT6 genes appeared as candidate markers of variation in backfat thickness and intramuscular fat in Brangus steers. These SNP could be integrated to marker panels for the selection of composite breeds, to improve adaptability and growth potential, avoiding detrimental effects on meat quality.
